• The optimal humidity of the samples for highest strength is between 60%-80%.
• Similar to wood, bamboo, a grass, exhibits more ductility under torsion as the humidity of the samples increases. Bamboo is a naturally occurring biological composite, however its microstructure and hence its properties are very complex compared to the manmade composites. Due to optimization, it can be assumed that the variation in properties along the thickness of the culm be a smooth transition for better bonding strength between layers and to prevent non uniformity in stress concentration. As a consequence, biological structures are complicated and functionally graded. Hence, a realistic model that can capture the mechanical performance of bamboo is valuable in future design of robust multifunctional composites. This paper presents the results of experimental and numerical studies on the torsional (shear) properties of bamboo. The hierarchical and multi-scale structure of bamboo and the distribution of micro-scale fibers are revealed via laser scanning and atomic force microscopy. This information was incorporated into a finite element model to analyze the mechanical behavior of bamboo under torsion and to estimate the shear modulus of bamboo along the fibers. Moreover, the effects of humidity and therefore water content on the mechanical properties of bamboo were evaluated by performing torsion tests on samples maintained in environments with different humidities. Increasing the humidity does not cause a drop in the shear modulus, however, a jump in the shear modulus did occur at around 60% humidity. Results of this study indicate that the highest strength values in samples occurred in environments with humidity levels between 60% and 80% and undergo a significant drop after that. In higher humidities, the samples behave more ductile. materials is continually gaining momentum in both developed and underdeveloped parts of the world [4] [5] [6] . This is largely due to the decreasing supply of available timber around the world. Natural materials all around us exhibit fascinating properties that are typically multifunctional and optimal for the construction purposes [7] . Bamboo is a very favorable sustainable material for the construction industry. Bamboos attractive combination of strength-to-weight ratios, stiffness-to-weight ratios, and shape factors make it an ideal candidate for construction materials and many other applications [5] [6] [7] [8] [9] [10] [11] .
Most bamboo culms are cylindrical and hollow, with diameters ranging from 0.25 in. to 12 in. (1 in. = 2.54 cm). Bamboo is considered a composite made up of non-uniformly distributed longitudinal fibers [12] [13] [14] . Separating the culms are evenly spaced nodes with internal diaphragms (knots). The main constituents of bamboo culms are cellulose, hemicellulose and lignin, which amount to over 90% of the total mass [15] [16] [17] [18] . The minor constituents of bamboo include resins, tannins, waxes and inorganic salts. As an orthotropic material, the density of the bamboo changes through the cross-section, ranging from 500 kg/m 3 to 800 kg/m 3 , with the higher density located at the outside face. The unique fiber-matrix ratio and distribution give bamboo exceptional strength characteristics [19] [20] [21] . To prevent non-uniformity in stress concentration and increase bonding strength between layers, the variation in the properties along the thickness of the culm should be modeled using a smooth transition [22] [23] [24] . There are many variables that affect the strength of bamboo, including maturity, season when it is harvested, and the treatment applied after the bamboo harvest. Previous studies have shown that the optimum maturity period is about 3-4 years to provide optimum strength [25] . Following this period of time the strength and density of bamboo begins to decay. At the optimum maturity period, bamboo has shown tensile strengths greater than spruce and equal to or greater than steel per unit weight. Few studies treating the modeling of natural fibers have been found in the literature due to the complexity of the microstructure [14, 26] . However, there are many experimental studies on bamboo measuring strength, Young's modulus of matrix and fiber, and through the analysis of its microstructure and fiber distribution [20, [26] [27] [28] [29] [30] [31] [32] [33] [34] . In a study of Dixon and Gibson (2014) [8] , the flexural properties of Moso bamboo in the axial direction, along with the compressive strengths in the axial and transverse directions were measured, and based on the microstructural variations and extrapolated solid cell wall properties of bamboo, analytical models which describe the experimental results were developed. Another approach used to estimate how the microstructure influences the effective properties of bamboo is to model these materials through the use of homogenization, or the extraction of the microstructure properties that can then be introduced to the section as a whole [35] [36] [37] . Employing a homogeneous, averaged value of Young's modulus can also be used, allowing comparisons and demonstrating the limitations of simplified procedures. However, considering that bamboo has complicated shapes and material distribution inside its domain with many important details, the numerical methods such as the finite element method (FEM) can be useful tools for understanding the mechanical behavior of these functionally graded materials (FGMs) [9, [27] [28] [29] [30] [38] [39] [40] [41] and many composite structures in general [42, 43] . Molecular dynamics (MD) is another effective tool to study the properties of composite materials [18, 44, 45] .
In spite of its structural application, there have been no prior mechanistic studies on the role of water content with regard to the mechanical performance of bamboo. Many studies have been conducted on other biological materials such as nacre and bone. As an example, the existence and role of water in the structure of nacre has been investigated by many researchers. It has been mentioned that the effect of water acts to increase the ductility of nacre and increase the toughness [46, 47] . The conductivity of bamboo and effect of absorbed water was investigated in a study conducted by Shiji et al. [48] . However, more multiscale investigation is needed to understand the effect of water content or humidity on the mechanical performance.
The goal of this study is to experimentally and numerically investigate the mechanical behavior of bamboo in torsion. While other studies have estimated the modulus and stiffness, very few studies have investigated the torsional properties and shear modulus of bamboo. In this study a new method of modeling was used to estimate the shear modulus of bamboo. Additionally, the effect of humidity on the torsional behavior of bamboo was investigated. The results of this study can be used as a guide to improve the properties of bamboo in different applications, take advantage of effect of water on natural materials, and to design and make bioinspired composites with remarkable mechanical properties.
Samples from the Phyllostachys species of bamboo were used for the torsional experiments conducted in this study. The bamboo samples were approximately five years old. The bamboo was kiln dried and stored in a ventilated warehouse for at least a year followed by storage within the lab. The storage assured that only gradual moisture changes took place and ensured that cracks in the bamboo did not form prior to testing. The experiment in torsion was conducted using a Tinius Olsen Model 290 torsion testing machine ( Fig. 1 ) with a maximum torque of 10000 lb·in (1 lb = 0.454 kg). The onboard load display was bypassed with the use of LabView software platform with a custom written program to record load, rotation, and strains. Two fixtures were fabricated out of mild steel with six 3/8 in.-24 thread bolts in each for securing the bamboo sample.
Kiln dried Phyllostachys bamboo was cut to 14 in. in length. The specific length of 14 in. was chosen due to the limitation of the testing machine having a maximum specimen length of 20 in. in addition to the bamboo node spacing. With the specimen having a node spacing of approximately 12 in., the fittings could be clamped within one inch of a node on each end of the 14 in. specimen. The average diameter of the bamboo was about 2.25 in. with a 1/4 in. wall thickness.
An important factor in a torsion experiment is to prevent slippage between the specimen and the fixture for accurate rotation recordings measurements. Preliminary tests of the fixture system resulted in the bolts slipping on the bamboo surface at a torque of approximately 800 lb·in. Additional tightening of the bolts would pose additional damage to the specimen and larger concentrated loads at the location of the bolts. As a result, a new system was developed by precisely drilling 9/32 in. holes where the fitting bolts would normally meet with the bamboo. A series of one inch wide washers bent to the outside curvature of the bamboo along with 3/4 in. washers bent to the inside curvature are used in conjunction with 1/4 in. bolts and matching nuts, one inch in length to create the mounting setup. In addition, 80 grit drywall sandpaper was sandwiched between the outside washer and bamboo to provide increased friction. A completed bamboo specimen setup is shown in Fig. 1 .
By orientating the bolt heads parallel to the longitudinal fiber direction, the heads can bear the applied transverse load. The specimen was mounted into the fitting with the fitting bolts tightened onto the washers and bearing on the bolt head. Using the 9/32 in. hole through the bamboo and large washers distributed the load evenly and prevents excessive concentrated loads at the hole locations. Using the setup, the experiment proved to be successful with no slippage and failure occurring in between the mounting holes, showing that excessive concentrated loads are not taking place at the holes. Loading occurred at five degrees per minute until the specimen reached failure. Throughout the experiment a b load (torque) and rotation were recorded at a rate of 5 data points per second. Figure 2 shows the structures of bamboo as scanned using a laser scanner. This image shows bamboo structure consisting of bundles of vascular fibers in a matrix of parenchyma cells. Most significantly, the mesostructure is highly graded in that the volume fraction of the fibers in the bamboo culm increases from inside to outside, the latter being the part that is exposed to the atmosphere or environment. The high fiber density region, low fiber density region and the medium fiber density region (in-between these two regions) can be seen in the image. The microstructural features of the fiber bundles were also studied here by means of an atomic force microscope (AFM). Samples were polished with a 4000 grit sand paper to a 1 µm surface finish. Later, the surface roughness of the samples was studied with an AFM in the tapping mode. 2D and 3D images are captured and shown in Fig. 2 .
To understand the effect of water content on the shear behavior of bamboo, samples were prepared and kept in the environments with different humidities. The humidities were set to 25%, 40%, 60%, 80%, and 100%. The samples were cut from the same parts of the bamboo stalks. Five samples for each humidity were tested and the torque-rotation curves were obtained. The humidity was controlled in a moisture and temperature chamber where the humidity was set to a constant value. A high precision programmable constant temperature and humidity chamber (Vision Scientific Co. LTD, South Korea) was used. Samples remained in the chamber for 48 h, removed and immediately tested. 3D finite element simulations were performed to extract the shear properties of the samples assuming orthotropic mechanical behavior. Four-node tetrahedron elements were used to mesh the model (Fig. 3) . A total of 151381 elements and 679949 nodes were used to analyze the finite element model.
The material properties of the fiber and matrix used to find the components of the orthotropic stiffness tensor are presented in Table 1 . Fiber volume fractions as a function of thickness were calculated from the laser scanning measurements. The laser scanning images were used to count the number of fibers per unit length as a function of the distance from the outer layer of bamboo. Later, the general rule of mixtures for composites was applied to estimate the actual graded elastic properties of bamboo microstructure as a function of thickness [49] . Orthotropy is the property of a point within an object rather than for the property of the object as a whole. Bamboo is both orthotropic and inhomogeneous which means it possesses orthotropic properties that vary from inside to outside layers.
The simulations were performed in two steps. In the first step, the distribution of fiber was implemented into the model. The gradient of stiffness from inside layer to outside layer was assumed to be linear [30] . Therefore, two different sets of orthotropic properties, one for the inside layer and the other one for the outside layer were sufficient to define the properties of the bulk model. The properties presented in Table 1 , the orientation of the fibers in the parenchyma cell, and the orthotropic properties of the parenchyma cell itself were used to define the stiffness tensor of the bamboo model in torsion. The second step was to apply the torsion load on the sample and compute the rotations from the results as the other end is fixed in all directions and rotations.
The raw data (torque-rotation) of the torsion experiments on different samples were obtained. Since, the measurement of total strain field of a heterogeneous orthotropic material is difficult, and the finite element results showed that the behavior of a dry sample (environmental humidities less than 25%) can be reasonably approximated as a linear orthotropic material, this behavior was assumed to compute the stress strain curves for all samples. The slope of these curves in the early stage of deformation is the average shear modulus. The typical shear stress-shear strain curve for the torsion experiment on samples kept in an environment with 25% humidity is presented in Fig. 4 . All the 25 humidity samples show a similar linear behavior under torsion. The shear strength of these samples is approximately 1700 lb/in 2 . Figure 5 shows a fractured sample under torsion. It was observed that the crack did not start from the fixture bolts on the sample. Hence, it proves that the test setup was successful in applying pure torque on the sample and in preventing stress concentration around the bolts. The shear modulus of bamboo was computed using finite element analysis and the prescribed experimental data. The general rule of mixtures was assumed to be able to implement the mechanical properties of bamboo into the model. The compliance matrix, S, used for the inside and outside layers is as follows:
The nine components of the compliant tensor needed to define the compliance matrix for the inside and outside layers are computed by considering the volume fraction of fibers in the inner and outer layers of bamboo. The properties of the outer layer and inner layer are listed in Table 2 . These numbers can be extracted from the numbers presented in the Table 1 and the rule of mixtures for composites in different directions assuming 80% fibers for outer layer and 20% fiber for the inner layer and the rest are parenchyma-cells. E 1 is the modulus in R direction which assumed to be the same as E 2 which is the modulus in θ direction and E 3 is the modulus along the fibers (Z direction). The properties of an average wood (mainly made of parenchyma-cells) can be used to find the shear moduli in inner and outer layers. The compliant tensor is then defined and implemented into the finite element model. Figure 6(a) shows how the distribution of stiffness in the system, which increases from inside to outside layers. The stiffness gradient is assumed to be linear in the model [9] . Figure 6(b) shows the maximum principle stress distribution of the bamboo sample under torsion. Finding the compliant tensor for samples in higher environmental humidities requires knowledge of the mechanical properties of bamboo fibers and parenchyma cell with different water contents. Hence, the proposed numbers apply for the bamboo samples prepared in low environmental humidity (under 25%). These simulations are used to estimate an average shear modulus of the bamboo. In order to find the shear modulus, a specific amount of rotational deformation was applied to one side of the model while the other side was fixed. The reaction torque that appears in the fixed side can be used to find the average shear modulus. The following equation which only applies for isotropic materials was used to find the average shear modulus (G). The geometry of the model should be used to find the torsional rigidity (J):
where θ is the angle of twist, T is the torque or moment, L is the length of the model and J is the torsion constant for the section, and G is the average shear modulus.
The numerical simulation results agree well with experimental data as it is shown in Table 3 . This shows that the proposed modeling approach is correct for a dry (25% environmental humidity) bamboo sample using the available data on the mechanical properties of bamboo fiber and matrix. Modeling the samples with higher humidity requires more information about the properties of bamboo fibers and parenchyma cell with different water contents. The slight difference between the experiments and numerical results is perhaps due to vast variety in the mechanical properties of the fibers and matrix of different bamboo samples. While, all bamboo sample have the same age and were prepared under the same protocol, there is still a variety of properties from samples to sample.
The goal of this study is to understand the effect of environmental humidity on the shear modulus and shear strength of bamboo samples. The raw data (torque-rotation) of the torsion experiments of samples with different environmental humidities are presented in Fig. 7 . Assuming the homogeneous isotropic behavior, the shear stress-shear strain curves from experimental data for the samples are calculated and presented in Fig. 8 . The slope of these curves at the early stage of deformation is the average shear modulus and can be compared for samples prepared in different environmental humidities.
The results indicate that as the humidity (water content) increases, the failure shear strain of the bamboo samples increases. Moreover, the shear stress-shear strain curves show a softening region due to the increased humidity. The samples with humidity level of 25% and 40% behave linearly, while samples with 60%-100% humidity behave nonlinearly, since humidity increases the softening behavior of bamboo. The samples with 25% humidity show a failure strain of around 0.028, while, the samples with 40% and 60% humidity show a failure strain of around 0.045, and samples with 80% and 100% humidity show a failure strain of around 0.056. The effects of humidity on the ultimate strength of Fig. 7 . The torque-rotation curves obtained from torsion experiment on bamboo specimens prepared in 25% to 100% environmental humidity. the samples are presented in Fig. 9 . The results clearly show that there is an optimum environmental humidity between 60% and 80% that causes the highest shear strength in bamboo. Moreover, increase in humidity beyond 80%, causes a significant drop of the ultimate strength. Figure 10 presents the effect of humidity on the shear modulus of the samples. The results show that there is a small jump in the shear modulus of bamboo at environmental humidity of about 60%, otherwise, all other samples show almost similar shear stiffness of about 100 000 psi.
This study presents the results of experimental and numerical studies on the torsional behavior of bamboo, a natural functionally graded composite material with remarkable mechanical properties. Since water content plays an important role on mechanical properties of natural materials, the experimental part of this study focused on the effect of humidity on the performance of bamboo samples under torsion. Finite element analysis was used to model bamboo under torsion as a heterogeneous orthotropic material with linear distribution of fiber across the section. The shear modulus found from the numerical analysis is consistent well with the experimental data which shows that the finite element analysis can be used as a tool to estimate an average shear modulus of the samples. The overall results also show that bamboo kept in an environment with humidity level of 60% demonstrated the highest shear modulus. The optimal humidity of the samples for highest strength is between 60% and 80%. The results show that bamboo exhibits more ductility under torsion as the humidity of the samples increases. The results of this study provide crucial information on the role of water on the optimal shear strength of bamboo. This information is essential in understanding the role of water on mechanical properties of bamboo fiber and matrix.
